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SHORT PAPER
Effects of BPA and BPS exposure limited 
to early embryogenesis persist to impair 
non-associative learning in adults
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Abstract 
Background: Bisphenol-A (BPA) is a polymerizing agent used in plastic bottles and several routinely used consumer 
items. It is classified among endocrine disrupting chemicals suspected to cause adverse health effects in mammals 
ranging from infertility and cancer to behavioral disorders. Work with the invertebrate lab model Caenorhabditis 
elegans has shown that BPA affects germ cells by disrupting double-stranded DNA break repair mechanisms. The cur-
rent study utilizes this model organism to provide insight into low-dose and long-term behavioral effects of BPA and 
bisphenol-S (BPS), a supposed safer replacement for BPA.
Findings: Experiments presented in our report demonstrate that the effects of embryonic exposure to consider-
ably low levels of BPA persist into adulthood, affecting neural functionality as assayed by measuring habituation to 
mechano-sensory stimuli in C. elegans. These results are noteworthy in that they are based on low-dose exposures, fol-
lowing the rationale that subtler effects that may not be morphologically apparent are likely to be discernible through 
behavioral changes. In addition, we report that embryonic exposure to BPS follows a pattern similar to BPA.
Conclusions: Building upon previous observations using the C. elegans model, we have shown that exposure of 
embryos to BPA and BPS affects their behavior as adults. These long-term effects are in line with recommended 
alternate low-dose chemical safety testing approaches. Our observation that the effects of BPS are similar to BPA is 
not unexpected, considering their structural similarity. This, to our knowledge, is the first reported behavioral study on 
low-dose toxicity of any endocrine disrupting chemical in C. elegans.
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Background
The human health impact of bisphenol-A (BPA or 
4,4′-isopropylidenediphenol), which is in commercial 
use since the 1960s, has been under scrutiny in recent 
years. BPA is used in the polymerization process of poly-
carbonate plastics and resins as well as in the manufac-
ture of commonly used products ranging from thermal 
paper used for sales receipts to flame retardant precur-
sors, dental sealants, and the inside coating of beverage 
and food cans including those used for infant formula [1, 
2]. Considering its widespread use, it is not surprising 
that 90 % of Americans have traceable amounts of BPA in 
their urine [3]. BPA is suspected to induce pre-term birth 
in pregnant women [4], and is reported to cause adverse 
health effects including nervous system disorders in both, 
children and adults [5, 6].
BPA exhibits hormone-like properties, mimicking 17-β 
Estradiol (E2) and is classified as an endocrine disrupting 
compound (EDC) [2]. E2 is known to act through differ-
ent members of the estrogen receptor family including 
ER-α, ER-β and ERR-δ, which play critical roles in the 
regulation of embryonic development including neu-
ronal survival and plasticity [7]. Considering the fun-
damentally essential roles of E2 in development and the 
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EDC properties of BPA, a number of recent studies have 
focused on the biological effects of exposure to BPA. 
Exposure to BPA affects nervous system function with 
chronic exposure leading to an increase in dopamine D1 
receptor expression in mouse limbic forebrain, which can 
result in hyperactivity, attention deficits and heightened 
sensitivity to drugs of abuse [8, 9]. Furthermore, in mouse 
embryos exposed to BPA, the long-term neuronal defects 
that persevere into adulthood have been shown to be epi-
genetically mediated through DNA methylation [10].
With the trickle of reports incriminating BPA in con-
tributing to adverse health effects and a considerable 
increase in public awareness, some industries in the 
United States have initiated self-regulatory measures 
towards voluntary replacement of BPA with a purported 
safer substitute bisphenol-S (BPS or 4,4′-sulfonlydiphe-
nol) which shares remarkable structural similarity to BPA 
and estradiol (Fig. 1). Recent studies have shown that BPS 
has comparable anti-androgenic effects and is likely to 
regulate estrogenic transcription at a level comparable to 
estrogen itself [11, 12].
Considering the conserved nature of genes of Caeno-
rhabditis elegans with mammals, including its steroid 
hormone-receptor genes [13], researchers have begun 
utilizing this genetically tractable lab model to under-
stand the effects of EDCs to obtain foundational insight 
on the mechanisms of BPA action [14, 15]. A key report 
has linked increased sterility and embryonic lethal effects 
of BPA to genomic instability caused due to breakdown 
of double-stranded DNA break repair mechanisms [14, 
15]. However, it is important to note that this study is 
based on internal BPA concentrations at par with those 
used in commonly used mammalian models equiva-
lent to occupational exposure levels of 2  ppm [14, 15]. 
Newer and alternate approaches to chemical safety deter-
mination indicate that low doses of toxic chemicals are 
associated with distinct pathologies and that the observa-
tions at high doses may not necessarily predict low-dose 
toxicity [2, 16]. A low-dose, based on US Environmental 
Protection Agency and US National Toxicology Program 
panel guidelines, [16] may be defined as any dose below 
the level of one which has been reported to cause an 
observable biological change or damage [2]. Our focus is 
on studying the low-dose effects of BPA on the functional 
integrity of the nervous system. Although a diverse range 
of behavioral effects attribute to BPA exposure have 
been studied in mammalian models [6], its behavioral 
effects have not been studied in C. elegans, a model with 
the potential to unravel the developmental basis of the 
observed behavioral anamolies.
To follow up on the study demonstrating increased 
embryonic lethality and genomic instability caused by 
BPA [15], we have assessed the low-dose effects on adult 
behavior as a function of embryonic exposure. Our work-
ing hypothesis states that low-dose exposure to BPA and 
BPS during development leads to quantifiable neural dys-
function, as opposed to morphological abnormalities or 
gross phenotypes observed at higher doses. We chose 
to focus on habituation behavior, which is a form of non-
associative learning characterized by reduced response to 
a repeated stimulus [17]. In humans, habituation is a well-
documented neural endo-phenotype of several complex 
behavioral disorders including schizophrenia and autism 
[18, 19]. The mechanistic correlates of habituation have 
remained remarkably conserved from simple invertebrates 
to mammals indicating its essential role in nervous system 
function [17]. To measure the developmental effects of BPA 
and BPS, we tracked the behavior of C. elegans exposed 
to these compounds in their embryonic period of life. We 
have examined the effects of low-dose exposure of BPA on 
fecundity and behavior, followed by testing whether BPS is 
truly a safe alternative. Our results establish that low-dose 
ca b 
Fig. 1 Chemical structures of a BPA, b BPS and c estradiol. Key structural similarities with the naturally occurring steroid hormone 17-β estradiol 
may underlie observed endocrine disrupting properties of BPA and BPS
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embryonic exposure to both BPA and BPS can trigger long-
term effects on the surviving adults’ neuronal function as 
assayed through habituation behavior.
Adult animals exposed to BPA as embryos have decreased 
progeny
BPA (obtained from Sigma-Aldrich, St. Louis, MO) was 
solubilized in 10 % ethanol to make a 100 μM stock solu-
tion and subsequent dilutions were made in S-buffer 
(0.1 M sodium chloride 0.05 M potassium phosphate, pH 
6.0). C. elegans embryos were isolated from gravid adults 
using basic hypochlorite solution [20] and exposed to 
0.1–10 μM BPA concentrations. After 4 h of BPA expo-
sure, the embryos were transferred to nematode growth 
media (NGM) plates seeded with E. coli OP50 (without 
exogenous BPA) and incubated at 20  °C. Upon reaching 
the L3 larval stage, individual worms were transferred to 
fresh, seeded plates and the total numbers of eggs laid by 
each individual adult were counted. We observed a statis-
tically significant decrease in the number of eggs laid at 
BPA concentrations of 1.0 μM and higher (Fig. 2a). A dra-
matic decrease in the number of eggs laid by C. elegans 
that were continually exposed to higher BPA concentra-
tions (≥1  mM) beginning from the embryonic period 
and continued throughout adulthood, has been reported 
previously [15]. Our observations are based on exposure 
to lower doses that were limited to the embryonic period.
Embryonic BPA exposure slows the habituation response 
of adult worms
Next, we used anterior touch sensory functional plastic-
ity to examine the habituation behavior of adult worms 
[21] exposed to BPA in their embryonic phase. BPA 
exposure of embryos was performed as described above, 
and the exposed embryos were transferred to seeded 
NGM plates without exogenous BPA. Well-fed 3 day old 
adult worms were assayed for habituation to anterior 
touch as described previously [21]. Briefly, animals were 
given repeated gentle anterior touch stimuli with 10  s 
inter-stimulus-intervals until they no longer responded 
to the stimulus. The number of stimuli required by an 
animal until it no longer moved backward was recorded. 
We found that worms exposed to BPA at even the lowest 
concentration tested (0.1 μM) required more stimuli to 
become habituated, when compared to worms exposed 
to vehicle alone (Fig. 2b).
Exposure to BPS causes effects similar to BPA
The above results with low-dose BPA led us to carry out 
a similar set of experiments with BPS (Sigma-Aldrich, St. 
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Fig. 2 BPA affects fecundity and neural functions. a Embryos exposed to BPA (1 μM and higher concentrations) laid significantly fewer eggs 
as adults, as compared to controls (bars depict the mean number of eggs laid; n = 10, *p < 0.05). b Adults arising from embryos that had been 
exposed to BPA required higher number of stimuli in order to habituate to touch (bars represent the mean number of gentle taps required for 
habituation; n = 60, *p  <  0.05). Error bars denote SEM. Statistical analyses were done using one-way ANOVA followed by Tukey’s post hoc analysis
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Louis, MO). Exposure to BPS, egg count and habituation 
measurements were carried out using essentially identi-
cal protocols as described for BPA above. As in the case 
of BPA, we found that exposure to BPS led to a significant 
decrease in the number of eggs laid at 0.5 μM and higher 
concentrations (Fig.  3a). Additionally, adult worms, 
which developed from surviving embryos that were 
exposed to BPS (ranging from 0.1 to 10 μM) displayed 
a decrease in habituation when compared to animals 
exposed to vehicle alone (Fig.  3b). We did not observe 
any morphological differences in our exposed embryos or 
adults for either BPA or BPS, conceivably due to our use 
of considerably lower concentration than those used in 
a previous C. elegans study that was based on continual 
exposure to high levels of BPA [15].
Discussion
Our results demonstrate that in C. elegans the effects of 
embryonic exposure to considerably low levels of BPA 
persist into adulthood, affecting their neural function 
as assayed by measuring their habituation to anterior 
touch sensory stimuli. Additionally, we found that BPS, 
intended to be a safer alternative to BPA, also caused 
decreased habituation suggesting that it is likely to exert 
its action in a similar manner as BPA. While confirming 
previously reported decreased egg-laying caused by con-
tinual exposure of C. elegans to BPA at ≥1 mM concen-
trations [15], our results extend these observations by 
demonstrating decreased fecundity at significantly lower 
concentrations (as low as 1 μM BPA and 0.5 μM BPS) 
with exposure limited solely to the embryonic period. 
Due to their hormone-like properties and structural 
similarity with estradiol, BPA and BPS may have the 
potential to interfere with estradiol’s modulatory role 
in synaptic plasticity [22]. It is notable that mammalian 
studies have shown that BPA exposure can increase levels 
of dopamine in the midbrain [23] as well as up-regulate 
dopamine D1 receptor expression [8]. Interestingly, pos-
tulated mechanisms of mechano-sensory habituation in 
C. elegans point to a central role for dopamine [17, 21, 
24, 25]. Considering the above reports, along with the 
results presented here, future studies on the effects of 
BPA and BPS on dopamine regulation may yield valu-
able information on the mechanisms by which these 
EDCs affect neuronal function. In conclusion, our study 
extends knowledge gained from previous reports by 
examining low-dose exposure in the C. elegans model by 
utilizing an evolutionarily conserved behavior as a surro-
gate for integrity of neural function. Extending the assay 
used with our model has the potential to uncover subtle 
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Fig. 3 BPS exerts effects similar to BPA. a Embryos exposed to BPS (0.5 μM and higher concentrations) laid significantly fewer eggs as adults, as 
compared to controls (bars depict the mean number of eggs laid; n = 10, *p < 0.05). b Embryonic exposure to BPS results in slower habituation 
(bars represent number of gentle taps required for habituation; n = 60, *p  <  0.05). Error bars denote SEM. Analysis done with one-way ANOVA fol-
lowed by Tukey’s post hoc analysis
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behavioral effects of low-dose exposure to suspected neu-
rotoxic compounds that may not cause phenotypically 
visible abnormalities.
Availability of supporting data
The data sets supporting the results of this article are 
included within this article and its figures.
Abbreviations
BPA: bisphenol-A; BPS: bisphenol-S; EDC: endocrine disrupting compound; 
NGM: nematode growth media.
Authors’ contributions
Conceived project: HSD, MDM, BMP. Designed experiments: MDM, HSD. 
Performed experiments: MDM, BMP, DP, BNR. Wrote manuscript: MDM, HSD. All 
authors have read and approve the final manuscript.
Authors’ information
MDM is a graduate student in the Neuroscience doctoral program, DP and 
BNR are Biology undergraduate students, HSD is an Associate Professor of 
Neuroscience, all at Delaware State University. BMP worked at Delaware State 
University as a high school intern (from Sussex Tech High School) and is now 
enrolled as an undergraduate student at the University of Pittsburgh.
Author details
1 Department of Biological Sciences, Delaware State University, Dover, DE 
19901, USA. 2 Sussex Tech High School, Georgetown, DE 19947, USA. 3 Present 
Address: Neuroscience and Psychology Program, University of Pittsburgh, 
Pittsburgh, PA 15260, USA. 
Acknowledgements
Thanks to Dr. Cathy Rankin (University of British Columbia), Dr. Murali Temburni 
and Dr. Josh Wang (both at Delaware State University) for valuable com-
ments and discussions, and to Dr. Melissa Harrington (Delaware Center for 
Neuroscience) for statistical analyses. We acknowledge NIH support through 
NIGMS-1P20GM103653-01A1, and the Center for Integrated Biological and 
Environmental Sciences for student support (EPSCoR EPS-0814251). C. elegans 
wild-type strain was obtained from the Caenorhabditis Genetics Center 
(CGC) supported by the NIH Office of Research Infrastructure Programs (P40 
OD010440).
Compliance with ethical guidelines
Competing interests
The authors declare that they have no competing interests.
Received: 11 May 2015   Accepted: 12 August 2015
References
 1. Eramo SUG, Sfasciotti GL, Brugnoletti O, Bossu M, Polimeni A (2010) Estro-
genicity of bisphenol A released from sealants and composites: a review 
of the literature Annali di Stomatologia 1(3):14–21
 2. Vandenberg LN, Colborn T, Hayes TB, Heindel JJ, Jacobs DR Jr, Lee DH et al 
(2012) Hormones and endocrine-disrupting chemicals: low-dose effects 
and nonmonotonic dose responses. Endocr Rev 33(3):378–455
 3. Calafat AM, Kuklenyik Z, Reidy JA, Caudill SP, Ekong J, Needham LL (2005) 
Urinary concentrations of bisphenol A and 4-nonylphenol in a human 
reference population. Environ Health Perspect 113(4):391–395
 4. Cantonwine DE, Ferguson KK, Mukherjee B, McElrath TF, Meeker JD (2015) 
Urinary bisphenol A levels during pregnancy and risk of preterm birth. 
Environ Health Perspect (in press)
 5. Rochester JR (2013) Bisphenol A and human health: a review of the 
literature. Reprod Toxicol 42:132–155
 6. Rosenfeld CS (2015) Bisphenol A and phthalate endocrine disruption of 
parental and social behaviors. Front Neurosci 9(57):1–15
 7. Matsushima A, Kakuta Y, Teramoto T, Koshiba T, Liu X, Okada H et al (2007) 
Structural evidence for endocrine disruptor bisphenol A binding to 
human nuclear receptor ERR gamma. J Biochem 142(4):517–524
 8. Suzuki T, Mizuo K, Nakazawa H, Funae Y, Fushiki S, Fukushima S et al 
(2003) Prenatal and neonatal exposure to bisphenol-A enhances the cen-
tral dopamine D1 receptor-mediated action in mice: enhancement of the 
methamphetamine-induced abuse state. Neuroscience 117(3):639–644
 9. Tanida T, Warita K, Ishihara K, Fukui S, Mitsuhashi T, Sugawara T et al (2009) 
Fetal and neonatal exposure to three typical environmental chemicals 
with different mechanisms of action: mixed exposure to phenol, phtha-
late, and dioxin cancels the effects of sole exposure on mouse midbrain 
dopaminergic nuclei. Toxicol Lett 189(1):40–47
 10. Kundakovic MGK, Franks B, Madrid J, Miller RL, Perera FP, Chamagne FA 
(2013) Sex-specific epigenetic disruption and behavioural changes fol-
lowing low-dose in utero bisphenol A exposure. PNAS 110(24):9956–9961
 11. Grignard E, Lapenna S, Bremer S (2012) Weak estrogenic transcriptional 
activities of bisphenol A and bisphenol S. Toxicol In Vitro 26(5):727–731
 12. Eladak S, Grisin T, Moison D, Guerquin MJ, N’Tumba-Byn T, Pozzi-Gaudin 
S et al (2015) A new chapter in the bisphenol A story: bisphenol S and 
bisphenol F are not safe alternatives to this compound. Fertil Steril 
103(1):11–21
 13. Mimoto A, Fujii M, Usami M, Shimamura M, Hirabayashi N, Kaneko T et al 
(2007) Identification of an estrogenic hormone receptor in Caenorhabditis 
elegans. Biochem Biophys Res Commun 364(4):883–888
 14. Hoshi HKY, Uemura T (2003) Effects of 17beta-estradiol, bisphenol A and 
tributyltin chloride on germ cells of Caenorhabditis elegans. J Vet Med Sci 
65(8):881–885
 15. Allard P, Colaiacovo M (2010) Bisphenol A impairs the double-strand 
break repair machinery in the germline and causes chromosome abnor-
malities. PNAS 107(47):20405–20410
 16. Melnick RLG, Wolfe M, Hall R, Stancel G, Prins G, Gallo M, Reuhl K, Ho SM, 
Brown T, Moore J, Leakey J, Haesman J, Kohn M (2002) Summary of the 
National Toxicology Program’s report of the endocrine disruptors low-
dose peer review. Environ Health Perspect 110(4):427–431
 17. Giles AC, Rankin CH (2009) Behavioral and genetic characterization 
of habituation using Caenorhabditis elegans. Neurobiol Learn Mem 
92(2):139–146
 18. Williams LE, Blackford JU, Luksik A, Gauthier I, Heckers S (2013) 
Reduced habituation in patients with schizophrenia. Schizophr Res 
151(1–3):124–132
 19. Guiraud JA, Kushnerenko E, Tomalski P, Davies K, Ribeiro H, Johnson MH 
et al (2011) Differential habituation to repeated sounds in infants at high 
risk for autism. NeuroReport 22(16):845–849
 20. Hope I (1999) C. elegans: a practical approach. Oxford University Press, 
Oxford
 21. Mersha M, Formisano R, Mcdonald R, Pandey P, Tavernarakis N, Harbinder 
S (2013) GPA-14, a Galpha inhibitory subunit mediates dopaminergic 
behavioral plasticity in C. elegans. Behav Brain Funct 9:16–22
 22. Baudry M, Bi X, Aguirre C (2013) Progesterone-estrogen interactions in 
synaptic plasticity and neuroprotection. Neuroscience 239:280–294
 23. Matsuda S, Matsuzawa D, Ishii D, Tomizawa H, Sutoh C, Nakazawa K et al 
(2012) Effects of perinatal exposure to low dose of bisphenol A on anxi-
ety like behavior and dopamine metabolites in brain. Prog Neuropsy-
chopharmacol Biol Psychiatry 39(2):273–279
 24. Kindt KS, Quast KB, Giles AC, De S, Hendrey D, Nicastro I et al (2007) Dopa-
mine mediates context-dependent modulation of sensory plasticity in C. 
elegans. Neuron 55(4):662–676
 25. Sanyal SWR, Kindt KS, Nuttley WM, Arvan R, Fitzmaurice P, Bigras E, Merz 
DC, Hebert T, van der Kooy D, Schafer WR, Culotti JG, Van Tol HH (2004) 
Dopamine modulates the plasticity of mechanosensory responses in 
Caenorhabditis elegans. EMBO 23(2):473–482
